Combined measurements of water isotopologues of a snow pit at Vostok over the past 60 y reveal a unique signature that cannot be explained only by climatic features as usually done. Comparisons of the data using a general circulation model and a simpler isotopic distillation model reveal a stratospheric signature in the 17 O-excess record at Vostok. Our data and theoretical considerations indicate that mass-independent fractionation imprints the isotopic signature of stratospheric water vapor, which may allow for a distinction between stratospheric and tropospheric influences at remote East Antarctic sites.
Combined measurements of water isotopologues of a snow pit at Vostok over the past 60 y reveal a unique signature that cannot be explained only by climatic features as usually done. Comparisons of the data using a general circulation model and a simpler isotopic distillation model reveal a stratospheric signature in the 17 O-excess record at Vostok. Our data and theoretical considerations indicate that mass-independent fractionation imprints the isotopic signature of stratospheric water vapor, which may allow for a distinction between stratospheric and tropospheric influences at remote East Antarctic sites. 18 O and δ 2 H) have been used for many years as a proxy for local temperature T s reconstruction in East Antarctica (1, 2) . The link with temperature results from mass-dependent isotopic fractionation of water at each phase transition along the water mass trajectory from the evaporative zone to the polar precipitation site. Two different kinds of massdependent fractionation effects lead to the depletion in heavy isotopologues of the water vapor. First, equilibrium fractionation is caused by the lower vapor pressure for the heavy isotopologues compared with the one for the abundant light (H 2 O) water molecules. Second, kinetic fractionation leads to isotopic fractionation due to different molecular diffusivity constants of the light and heavy water isotopologues (light molecules diffuse faster in air than the heavy ones) (3) . The observed spatial slope of Δδ 18 O vs. ΔT s lies between 0.75‰ and 0.8‰°C −1 [±20% at glacial timescales (4) (5) (6) ] and builds the basis for past temperature reconstruction from δ 18 O in ice cores. It should be noted that this relationship can be associated with larger uncertainties of factor 2 for warmer than present-day climates (7) . Biases to a constant temporal δ 18 O vs. temperature slope may arise from changes of moisture origin for the polar precipitation, precipitation intermittency at the seasonal or interannual scale, postdeposition effects, and changes of moisture trajectories. Tools exist to quantify such biases. First, the second-order parameters deuterium (d)-excess (8) and 17 O-excess (9), defined as ·y −1 water equivalent). In addition, Vostok is located within the Antarctic vortex, which makes it sensitive to stratospheric input (up to 5%) (12) . Only onequarter of the precipitation originates from tropospheric snowfall, whereas 75% is due to hoar frost deposition and ice needle fallout (diamond dust), which may originate from the stratosphere (13, 14) . The influence of such stratospheric water vapor input has been only marginally investigated even if the existence of mass independent fractionation (MIF) in the stratosphere is expected to strongly affect 17 O-excess (15) . This is because other effects become also prominent in these regions. First, at the observed very low temperature range (<−50°C), the secondorder parameters d-excess and 17 O-excess are expected to show strong variations with condensation temperature (16) . Second, the interpretation of water isotopic profiles is complicated by postdeposition effects at these very low accumulation sites.
The aim of this article is to identify the main drivers of water isotopologues changes at remote sites in East Antarctica. To achieve this, we present a fully integrated method, (i) combining measurements of δ 18 O-excess on the interannual timescale.
Methodology
To disentangle the different influences (climate, postdeposition, and stratospheric influences) we focus on relative variations of the isotopologues rather than on their absolute values. The absolute values are indeed a complex result of many different influences whereas the relative variations should bring to light the driving processes of each isotopic change. To identify the climatic drivers (local temperature, moisture source relative humidity, and temperature) we also compare the observed relative variation with those simulated by an AGCM and a Rayleigh-distillation-type model. As precipitation intermittency at remote sites is a crucial factor for the interpretation of the interannual isotopic records of shallow ice cores, the AGCM is nudged to reanalyses over the instrumental period. Climate models do not take into account removal processes in the surface snow layers as well as diffusion of the water molecules in the firn. Still these effects have been shown to be important on the interannual scale (20, 21) . To investigate snow removal effects we compare event-based seasonal precipitation data with the interannual variations of the snow pit data. Postdeposition effects on the snow are studied by an isotopic box model, accounting for postdeposition sublimation and recondensation effects and the diffusion theory of water isotopologues within the firn layer (22) . Finally, the possibility of a stratospheric input is assessed by MIF signatures in the oxygen isotopic composition of the snow.
Snow Pit Analyses. Several series of adjacent snow samples were collected from the same pit wall, from the surface down to 3.65 m for every 3 cm (23).
Isotopic analyses were performed on 116 samples. δ 17 O and δ 18 O measurements were performed using the method of water fluorination, as described in ref. 9 , followed by isotope ratio mass spectrometry using a Delta V mass spectrometer from ThermoFisher. The overall uncertainty for the 17 O-excess data is ±6 ppm. The d-excess measurements were performed on a Picarro instrument (1σ of 1.4‰). In an earlier work (23) ]. The snow pit chronology was based on the identification of non-sea-salt sulfate spikes associated with the volcanic eruptions of Agung (Indonesia, March 1963, snow imprint in January 1964 ±1 y) and Pinatubo (Philippines, June 1991, snow imprint in January 1992 ±1 y). The gross β-radioactivity indicated the maximum fallout of the nuclear bomb tests, with their imprints in the snow in January 1955 ±1.5 y and January 1965 ±1.5 y, respectively (23) . Because of the intermittency of the precipitation and the snow remobilization, the uncertainty of the absolute chronology may increase up to several years between reference horizons.
Interannual Simulations with a General Circulation Model. To help interpret the results, we use simulations of the Laboratoire de Meteorologie Dynamique-Zoom (LMDZ) (24) AGCM. This model was run from 1958 to 2008 after 3 y of spin-up in 1958. To ensure that the interannual variability is simulated in phase with the one observed, the measured sea surface temperature and sea ice were prescribed following the atmospheric model intercomparison project (AMIP) (25) , and the 3D fields of horizontal winds were nudged toward the ERA-40 reanalyses (26) . Water isotopic diagnostics are included in this model (27) 17 O-excess data show strong variations of, respectively, 10‰, 20‰, and 40 ppm ( Fig. 1 and Dataset S1), which are much larger than the glacial-interglacial variations (respectively, 6 ‰, 3‰, and 20 ppm between the Last Glacial Maximum and the Early Holocene) (1, 19, 28) . The seasonal variations are of the same amplitude as the interannual ones (17) .
An anticorrelation between δ Table 1 , first three rows).
The classical explanation for δ 18 O variations in polar snow is local temperature. Fig. 1A shows the measured monthly mean temperature (2 m above surface) at the Vostok research station. There is no significant correlation between the surface temperature and δ 18 O on the interannual timescale. This finding is not unexpected because of the uncertainty of the snow pit chronology and the precipitation intermittency at this very low accumulation site. Even if the temperature and δ 18 O record cannot be directly compared in the time series, we can still investigate the climatic impact on the water isotopic profile, by comparing the relative variations and phasing between δ 18 O, d-excess ,and 17 O-excess with those simulated by an AGCM. It should be noted that such a comparison is quite limited, because the LMDZ simulates only tropospheric snowfall events and does not take into account ice needle fallout. Moreover, the modeled δ 18 O level is 10‰ too high, which can be explained by too high O-excess combined with an increase of d-excess can be simply explained by a decrease of local temperature in the case of a relatively high supersaturation (17, 18) . Although this local temperature effect is satisfying to explain a large part of the water isotopic variations on the seasonal scale at Vostok, it fails to explain the large and anticorrelated variations of δ 18 O and 17 O-excess on an interannual scale. Our assumption of S being only a function of condensation temperature can be challenged. Indeed, an increase of dust load in the atmosphere is expected to decrease the supersaturation by providing additional condensation nuclei (19) . In our snow pit data we did not observe any significant relationship between 17 O-excess and Ca 2+ (proxy of dust load) and hence we rule out that interannual 17 O-excess variations are governed by dust load, linked to supersaturation. After the parameterization of S, the second important determinant of 17 O-excess variation in the MCIM is relative humidity at the site of evaporation. However, relative humidity changes are unlikely to determine the large interannual variations of 17 O-excess, because this would require unrealistic large (±40%) interannual variations in relative humidity over the ocean (Table 1) .
Postdeposition Effects. In addition to climatic factors we also examined the possible influence of postdeposition effects on the water isotopic composition. If wind-driven snow removal were the main factor of the δ 18 O variation, the same correlation between δ 18 O and 17 O-excess as in seasonal event-based data should be preserved in the interannual data, because when the snow mixes, its compounds mix in the same way. Because an anticorrelation between δ 18 O and 17 O-excess has been observed in the snow pit data, the only remaining postdeposition process to be taken into account is isotopic fractionation in the firn. Diffusion of water molecules has been shown to affect the record of water isotopic profiles in Greenland (22 O-excess is to invoke the situation where the precipitated snow is partly sublimated (here 20%) at a relatively high temperature T subl (here −20°C) and condensed again onto the snow pack at a lower temperature T cond (here −55°C). Observations showed that sublimation (as high as 10-20% of the total precipitation) mainly happens in December and January, when the air temperature is between −15°C and −30°C. Taking into account the associated fractionation (SI Text), sublimation and subsequent condensation of snow would lead to an increase of δ 18 O (+2.1‰), which is in antiphase with the resulting decrease of d-excess (−2.8‰) and 17 O-excess (−43 ppm) ( Table 1) . On the basis of the numbers in Table 1 , assuming an extreme case of postdepositional sublimation and recondensation, relatively high δ 18 O would still correspond to relatively high 17 Oexcess. Furthermore, strong sublimation effects have been reported for sites with strong katabatic winds and for relatively high temperatures (33) , whereas Vostok is marked by very low temperatures and moderate wind speed (13) . In addition, an experiment was performed to look at the isotopic evolution of the Vostok snow when it is exposed to relatively dry conditions. The snow isotopic composition evolved with an increase in both δ 18 O and 17 O-excess at the end of the experiment. Therefore, postdeposition effects cannot explain the changed relationship between δ 18 O and 17 O-excess from the correlation that is observed on the seasonal scale (where postdeposition effects can be excluded) to the anticorrelation that is observed on the interannual scale.
Stratospheric Influences. One way to explain the large variations of 17 O-excess observed at the interannual timescale is to invoke water flux from the stratosphere (34) . This effect has already been proposed to explain the large interannual variability of tritium in remote regions of Antarctica (35) .
In addition to our data, model studies also suggest that stratospheric air reaches the Antarctic surface (36, 37) . Stratospheric air is marked by a very low (4-6.5 ppm) water content (15) ) and its influence on the isotopic composition of tropospheric water vapor is in general probably small. However, things may be different at a station like Vostok that is characterized by an extremely low water vapor content (relative humidity = 67% at −55°C) (13) and a very low accumulation rate. In this section we examine the possible influence of stratospheric water vapor under the consideration of the stratosphere to troposphere exchange (STE) due to the Brewer-Dobson circulation (38, 39) and the isotopic composition of stratospheric H 2 O.
About half of the stratospheric water content has a tropospheric origin, whereas the other half is produced via H-abstraction from methane (and other H-bearing species, HO 2 and HNO 3 ) through the OH radical (40, 41) :
Due to large H 2 O recycling via HO x and NO x that exceeds the net H 2 O production, the newly formed H 2 O and the recycled tropospheric H 2 O carry the same isotopic signature (15 (44) .
The annual gross flux of stratospheric vapor into the troposphere (STE) was estimated at 1.73 × 10 4 kg·s −1 on a global average, accounting for only 0.014% of Vostok's precipitation (ref. 36 and SI Text). However, this number may be much larger at Vostok because most of the descending flux from the stratosphere occurs at high latitudes between 40°and 90°and also because large seasonal to interannual variations of the STE were proposed (45) . For an estimation of the stratospheric contribution we have used the model study of Stohl and Sodemann (37) , with 2% of the air near the surface of the Antarctic plateau having a stratospheric origin. This is a conservative assumption, because studies have shown that 5% of the precipitation in Antarctica during winter stems from the stratosphere (12) . 10 Be variability, as suggested by the coherence of 17 O-excess with 10 Be (Figs. 1C and 2) . Indeed, variations in 10 Be concentration at Vostok were shown to result from the combined influences of 10 Be production, modulated by solar activity; modulation of tropospheric air mass transportation (linked to SAM and ACW); and stratospheric input (23) . Because of these numerous influences on 10 Be, we do not expect a perfect correlation between 10 Be and 17 O-excess. Moreover, we note that the correlation between 10 Be and 17 O-excess is not significant before 1970. This may be due to the effect of diffusion increasing with depth in the firn. As for the deposition that is not the same for 10 Be (dry deposition) and 17 O-excess (wet deposition), the diffusion in the firn is different for both tracers, i.e., much smaller for 10 Be compared with water isotopic diffusion. The question arises why the MIF signature of 17 O-excess is observed at interannual but not at seasonal and glacial scales. It should be noted that the seasonal record (17) contains only the measurements of 16 precipitation events, 9 of them being associated with snowfall and only 4 of them containing ice needles (in addition to hoar frost). Thus, the 16 seasonal samples do not represent an average precipitation composition of 1 y (up to 91% clear sky precipitation) and are underestimating clear sky precipitation with possible stratospheric origin and much larger 17 O-excess due to MIF effects in the stratosphere. Therefore, we do not expect an anticorrelation between δ 18 O and 17 O-excess in the seasonal record. The correlation between δ 18 O and 17 O-excess on glacial-interglacial transition is difficult to explain with the stratospheric input as observed on the interannual scale. Still, it is not easy to predict the 17 O-excess signature due to stratospheric input on this long timescale because of numerous modifications that may occur: First, the strength of the polar vortex and thus the input of water from the stratosphere may be influenced not only by temperature at this timescale but also by greenhouse gas (including ozone, methane and water vapor) concentrations that control the vertical temperature gradient. Second, due to possible changes in the ozone concentration, the stratospheric chemistry and therefore also the 17 O-anomaly may differ from the Last Glacial Maximum (LGM) to the present day.
Summary and Conclusions
We measured the triple oxygen isotopic composition of a snow pit from the vicinity of Vostok (East Antarctica) on the interannual timescale. We observed large variations in the records of δ O-excess on the interannual scale. These findings were confirmed by the MCIM and lead us to the conclusion that interannual isotopic variance at Vostok is not solely determined by changing surface climatic conditions. We presented the possible influence of intermittency of precipitation and postdeposition processes and showed that such effects cannot explain the significant anticorrelation between 17 O-excess on the other hand could be the consequence of stratospheric influences. In addition, the observed correlation between 17 O-excess and 10 Be may be a consequence of stratospheric air intrusion that modulates both parameters.
Finally our work has two important implications:
i) The comparison between our data and the models clearly shows that interannual isotopic variations at very low accumulation sites in Antarctica should not be interpreted as a proxy for a change in surface climatic conditions. Other mechanisms can superimpose the surface climatic determinants on this timescale. However, at this stage this conclusion does not preclude the use of water isotopologues as proxies of climatic conditions (e.g., local temperature) on longer timescales.
ii) Our finding of a unique isotopic signature of stratospheric water vapor could be further confirmed by comparisons with other tracers of stratospheric input (e.g., tritium) and may allow the use of 17 O-excess as a tracer of stratospheric influences at sites with low accumulation rates for times reaching much farther back in the past.
Outlook
One way to further investigate the stratospheric water input in remote East Antarctica would be to lead the same multiproxy snow pit study at a more coastal site. It would also be of great interest to compare real-time triple oxygen isotopic measurements of Antarctic water vapor and to compare these data with regional meteorological models. Also, more precise measurements of the stratospheric water vapor isotopic signature (especially of 17 O-excess) are needed to further quantify their influence on tropospheric water isotopologues.
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During the formation of liquid, only equilibrium fractionation occurs. Depending on temperature, the MCIM allows in the zone of "mixed cloud" the coexistence of liquid droplets and ice crystals. In this zone, the Bergeron-Findeisen process associated with kinetic fractionation effects is taken into account (1). The formation of snow crystals is a nonequilibrium process and the fractionation factor is a function of α eq and α kin :
[S1]
The relative proportion of kinetic fractionation is governed by the supersaturation function in the cloud, which is (5)
D and p D correspond to the diffusion constants for the light and the heavy isotopologues, respectively. As in previous studies (7-10) we described S as a linear function of temperature: S = p + qT s , where T s is the temperature in the cloud in degrees centigrade for every time step of the distillation process. p and q are tunable parameters.
Forcing and Tuning of the MCIM
The model is prescribed by initial parameters such as the temperature ðT source Þ, relative humidity ðRH n Þ, wind speed, and pressure of the source region as well as the isotopic composition of the ocean and the condensation temperature (T s , assumed to be linearly related to the surface temperature) (11) and pressure at the precipitation site. There are several tuning parameters (1) such as the dependence of supersaturation on temperature ðS = p + qT s Þ; the fraction of condensate remaining in the cloud; the temperature range where liquid and solid water can coexist; a coefficient that determines the proportion of the reevaporation of liquid phase; and the parameter, which controls at what temperature the first ice forms. For the tuning of the model, we used the same method as in previous studies with δ 17 O, δ 18 O, and δ 2 H (7-9).
Sensitivity to Initial Conditions. Table 1 in the main text displays the results of the sensitivity study of the MCIM. Two different supersaturation functions were chosen. First, S low refers to S = 1 − 0:002 T s . Second, S high refers to S = 1 − 0:004 T s , as it was used for the model study of the seasonal isotopic data (7) . At a condensation temperature of −40°C, this leads to a supersaturation of, respectively, 8% and 16%. S low was also used to simulate the stable behavior of 17 O-excess over an Antarctic transect (Terra Nova Bay to Dome C), covering a large δ 18 O range from −30‰ to −53‰ (9), and S high has been used for the Last Glacial Maximum (LGM) to the present simulations of Laboratoire de Meteorologie Dynamique-Zoom (LMDZ).iso (12) .
Postdeposition
The process of sublimation leads to consecutive evaporation of the snow layers, starting with the very top layer of the snow surface. The water molecules in the snow are sublimated following the stratigraphy (layer by layer) and independent of their isotopes. Therefore, for the process of sublimation no isotopic fractionation has been assessed (13) . In contrast, for the condensation process, the isotopic fractionation during the vapor to solid phase change has been taken into account.
The fractionation from the vapor to the solid phase during the condensation onto the snowpack has been calculated with the use of the equilibrium fractionation factors for δ 18 
O-Excess Interlaboratory Differences
As discussed already (7, 8) , differences in 17 O-excess, between the Institute of Earth Science in Jerusalem (IESJ) and the Laboratoire des Sciences du Climat et de l'Environnement (LSCE), of some water standards have been observed. The largest difference of 17 ppm has been observed for the very depleted standard of Dome F (δ 18 O = −58.2‰). These differences are mainly due to peculiarities of the mass spectrometers (e.g., source heating efficiency, background signals) and contamination with trace gases affecting mass 33 u. Because there is no internationally accepted 17 O-excess reference that would allow us to calibrate the mass spectrometric measurements and because the fractionation coefficients associated with 17 O were determined at the IESJ, we have decided to correct our measurements with respect to those of the IESJ. This means that we assess a
